Initial amplification and sequencing of a 366-bp fragment of the cytochrome b gene by a conserved primer pair (MVZ 03 and MVZ 04) revealed a nonfunctional copy of the gene with two deletions (one of which is 17 bp in length and the other of which is 3 bp in length) in Chroeomys jelskii, a South American akodontine rodent. By means of an alternative primer to MVZ 03-namely, MVZ 05-from the region of the tRNA for glutamic acid, a functional copy of cytochrome b was subsequently amplified. Both primer pairs amplify functional sequence when applied to purified mitochondrial DNA ( mtDNA ) . Restriction-endonuclease digestion of purified mtDNA from C. jelskii did not reveal any additional sets of bands that would suggest heteroplasmy in the mitochondrial genome. When probed with both functional and nonfunctional gene fragments, Mb01 restriction digests revealed the same pattern, providing further evidence that the nonfunctional copy must be located in the nucleus. Observed differences in the mitochondrial and nuclear sequences from two populations are consistent with a faster rate of change in mtDNA than in nuclear DNA.
Introduction
Mitochondrial DNA (mtDNA) fragments have been reported in the nuclear genome of humans Nomiyama et al. 1985; Kamimura et al. 1989) , rats (Hadler et al. 1983 ) , snow geese (Quinn and White 1987 ) , sea urchins (Jacobs and Grimes 1986) , locusts (Gellissen et al. 1983) , maize (Kemble et al. 1983) , fungi (Wright and Cummings 1983) , and yeast (Farrelly and Butow 1983; Thorsness and Fox 1990) . We report here on an mtDNA-like segment in the nuclear genome of one species of South American akodontine rodent, Chroeomys jelskii.
Material and Methods
DNA was extracted from frozen liver tissue from four individuals of Chroeomys jelskii by using the sodium dodecyl sulfate-proteinase K/phenol / RNAse method (Maniatis et al. 1982, pp. 458-462) . Purified mtDNA for two of the four individuals of C. jelskii was obtained from frozen liver and kidney tissue by using cesium chlorideethidium bromide gradient centrifugation (Lansman et al. 198 1) . Liver extracts from three other species of akodontine rodents-including Akodon andinus, A. boliviensis, and Bolomys amoenus (for additional details about these other species, see Smith and Patton 199 1 )-were used in comparisons with C. jelskii in the present report.
DNA sequence was obtained for segments of the cytochrome b gene (cyt b) by using four primers referred to here by their number in a series from the Laboratory of the Museum of Vertebrate Zoology (MVZ) (University of California, Berkeley). The primer sequences are as follows: MVZ 03 ( L 14230)) 5 'GCTTCCATCCAACATCTCAGCAT-GATG-3'; MVZ 07 ( L 14230)) 5 '-AACCCCATCTAACA-ITTCWTCYTGATG-3 '; MVZ 05 ( L 14 115 ) , 5 '-CGAAGCTTGATATGAAAAACCATCGTTG-3 ' ; and MVZ 04 ( H 14542 ) ,5 'GCAGCCCCTCAGAATGATATTTGTCCTC-3 '. The letters in parentheses identify the light (i.e., L) or heavy (i.e., H) strand of mtDNA, and the numbers following the letters give the position of the 3' base of the primer in the complete mtDNA sequence for the house mouse (Bibb et al. 198 1) .
Various combinations of primers were used ( fig. 1) . MVZ 03 or MVZ 07 in combination with MVZ 04 should amplify a 3 1 1-bp segment of the cyt b gene. With the primers added at each end, the total length of the amplified fragment should be 366 bp. MVZ 05 in combination with MVZ 04 amplifies a 426-bp segment (the initial bases are from the tRNA for glutamic acid, followed by sequence from the cyt b gene); the addition of the primers at each end gives a total length of 482 bp.
The general procedures used for amplifications and sequencing have been detailed by Smith and Patton ( 199 1) . Amplifications from liver and purified mtDNA extracts were successful under a variety of conditions. All of the liver extracts from C. jelskii eventually gave double-stranded products with primer pair MVZ 03-MVZ 04 at an annealing temperature of 60°C but a reduced annealing temperature of 45°C resulted in products for more individuals in a given reaction. For the purified mitochondrial extracts an annealing temperature of 45°C was used most often, but good yields of double-stranded products were also produced at annealing temperatures of 50°C and 55°C.
Restriction digests of the purified mtDNA were made using restriction enzyme Mb01 according to the manufacturer's instructions. The fragments were subsequently separated in a 2% agarose gel and were transferred to nitrocellulose by following standard procedures (Maniatis et al. 1982, pp. 382-389) . Radioactive probes for the nonfunctional (nuclear) and functional (mitochondrial) copies were generated by the polymerase chain reaction (PCR) by following the same amplification protocol, except that 10 pCi P32 dCTP was included. Hybridization of filters with labeled probes was in 5 X SSPE (180 mM NaCl, 10 mM NaH2P04, pH 7.4), 0.5% SDS at 65°C for 16 h. Filters were subsequently washed in 0.1 X SSPE, 0.5% SDS for 1 h at 65°C. Bibb et al. 1981) , is given first. Next is the sequence obtained with primer pair MVZ 05-MVZ 04 (functional copy). The final lines in each block are the sequence obtained with primer pair MVZ 03-MVZ 04 (nonfunctional copy; X = deletion). For the nonfunctional sequences the bands on the sequencing gels were not strong enough to permit scoring either the first 21 bp from individual MVZ 173084 or the first 24 bp from MVZ 173073. Y = Sites in the functional sequence where bands of equal strength appear to be present in both the C and T lanes; we were unable to resolve the ambiguity. Only one individual from each locality was used for the comparisons with Mus in table 1.
all individuals of C. jelskii ( fig. 3 ). There are no frameshifts or stop codons in these sequences.
Probable Reason for the Behavior of the Primers
Because the fragment amplified by the primer combination MVZ 05-MVZ 04 includes the area of the gene where the primer MVZ 03 anneals, we were able to determine the degree of mismatch between the MVZ 03 primer and its complement on the functional gene. The primer MVZ 03 is 27 bases long, including four bases at the 5' end of the primer that are part of an added restriction site and that are not counted as mismatches here. The MVZ 03 primer fails to match the functional sequence in C. jelskii at seven sites, compared with four mismatches each in Bolomys amoenus and in A. aerosus from one locality and compared with fewer mismatches in other species (see examples in fig. 4 ). Apparently, in C. jelskii, the primer MVZ 03 attaches preferentially to a nonfunctional copy of the gene. On the other hand, the primer MVZ 05 anneals in the coding region for the tRNA for glutamic acid ( fig. 1 ). The first eight bases at the 3' end of primer MVZ 05 are totally conserved in the human (Anderson et al. 1981) , bovine (Anderson et al. 1982) , mouse (Bibb et al. 1981) , and rat (Gadaleta et al. 1989 ) sequences, suggesting that this region is well conserved in mammals. Primer MVZ 05 (=L14724 in Irwin et al. 1991) has worked well in more than 20 species of mammals (Irwin et al. 199 1; D. Irwin, personal communication) . Presumably, primer MVZ 05 makes a good match with the tRNA adjacent to the functional copy of the cyt b gene in C. jelskii. As a test of the mismatch hypothesis, primer MVZ 03 was replaced by MVZ 07, a primer designed specifically to match Akodon sequences. With this new primer combination (MVZ 07-MVZ 04) the functional sequence was obtained from the individuals of C. jelskii. functional sequence. For the 285 sites in common where the bases are known, comparisons from the two geographic samples of C. jelskii have 7 1 or 75 nucleotide differences, or 25%-26% sequence difference (table 1). The mtDNA sequence in Mus domesticus differs from that of the nuclear copies in Chroeomys by 74 or 76 bp. On the other hand, the mtDNA sequence in Mus differs from the mtDNA sequence in Chroeomys by only 71 or 72 differences. Thus, the deletion sequence in Chroeomys differs from the functional one by at least as many bases as Mus differs from Chroeomys.
Comparison of the
Comparison of the mitochondrial sequence in M. domesticus versus the nuclear sequences shows that 47% of the changes cause replacements. Comparisons of the mitochondrial sequences in Chroeomys versus the nuclear sequences show 32%-35% of the changes as replacements. Finally, comparisons among the mitochondrial sequences show the lowest number of replacement changes ( 14.3%-26.4%).
The nonfunctional copy could be located in the mitochondrial genome either as an intramitochondrial duplication (for examples of duplications involving cyt b in several species of lizards, see Moritz and Brown 1987) or in the form of heteroplasmy, with two mtDNA haplotypes within each individual (cases of heteroplasmy with a deletion in one form are described in Boursot et al. 1987; Holt et al. 1988; Dowling et al. 1990 ). Alternatively, the anomalous copy might be in the nucleus. Examples of nuclear sequences that are homologous with portions of the mitochondrial genome have been described in eight organisms (for references, see Introduction).
The estimated total size of the C. jelskii mitochondrial genome, on the basis of EcoRI, AvaII, and Hinf I digests ( fig. 5 and data not shown), is 15 or 16 kb. This mtDNA genome size in C. jelskii is typical of mammalian genomes and is not consistent with any large duplications, although a small duplication cannot be ruled out. The restriction digests showed only one set of bands, ruling out the possibility of significant amounts of two forms of the mitochondrial gene in one individual (fig. 5 ) . Heteroplasmy also seems unlikely in the case of C. jelskii, because the two heteroplasmic forms would have to have been maintained for a long period of evolutionary time in order to reach such extreme differentiation, or else there would have to have been a paternal contribution.
When purified mtDNA from two individuals of C. jelskii (MVZ 173073 and MVZ 173083) was used as the template, the primer pair MVZ 03-MVZ 04 produced double-stranded product of the same size as the normal fragment in other species in the Akodon group (fig. 6 ). The normal size fragment was consistently obtained in experiments with annealing temperatures of 45"C, 5O"C, and 55°C. In extracts of total cellular DNA the primer pair MVZ 03-MVZ 04 amplifies the nonfunctional nuclear copy of cyt b under annealing temperatures as high as 6O"C, but in purified mtDNA from the same individuals the primer pair amplifies only the functional mitochondrial gene. below the diagonal are the number of silent/replacement changes. The comparisons are based on the 285 sites having no gaps (X's in fig. 3 ).
An additional experiment was performed to test whether both the functional and nonfunctional sequences were present in the mitochondrial genome in C. jelskii. Purified mtDNA from C. jehkii was digested with MboI, which cuts twice in the functional sequence (at positions 14 196 and 1444 1, numbered relative to the M. domesticus sequence published in Bibb et al. 1981 ) but only once (at position 14348) in the deletion sequence. When purified C. jelskii mtDNA was probed with the functional copy of the cyt b sequence, a band of the appropriate size (245 bp) was observed ( fig.  7 ). When the same digest was probed with the deletion copy, the same 245-bp band was observed. If a single mitochondrial genome contained both functional and nonfunctional copies of cyt b, then the deletion probe should have hybridized to two different fragments of sizes different than that observed. The minimum size of these nonfunctional fragments would be 110 and 255 bp if additional MboI sites were located immediately outside the primers.
Mitochondrial sequences apparently move relatively readily into the nucleus. Fukuda et al. ( 1985) suggest that the integration of mtDNA fragments into nuclear DNA is mediated by mechanisms similar to those seen in the case of the integration of viral DNA into host nuclear DNAs. Thorsness and Fox ( 1990) found that, in yeast, sequences from mitochondria moved into the nucleus 100,000 times more frequently than nuclear sequences moved into the mitochondria.
If the anomalous sequence in C. jelskii is translated using the nuclear genetic code for amino acids, there are still several termination codons, so this sequence cannot produce a functional protein in the nucleus. The 25%-26% sequence difference for the mitochondrial versus nuclear copies in C. jelskii is somewhat less than that which Fukuda et al. ( 1985, fig. 6 ) describe for the most distant pairs of mitochondrial versus nuclear copies in humans. The Lm H-4 clone studied by Fukuda et al. ( 1985) differs from the human mtDNA sequence by 32.6% at ND5, and the Lm P-6 clone differs from the human mtDNA sequence by 3 I .4% at ND5.
Rates of Change
It is possible that other species of akodontines-and even more distantly related rodents-could also have this mtDNA-like sequence in their nucleus. As detailed in populations and in phylogenetic studies. For these noncoding regions the criterion of the maintenance of the reading frame cannot be used to verify that the sequence obtained is the one of interest. In cases where a protein-coding mitochondrial sequence has been transferred to the nucleus, the determination of functionality is useful (see also Irwin et al. 199 1 )-but only for comparisons where the transfer of one copy to the nucleus is a relatively ancient event, which would allow for substantial evolutionary change. For more recent transfer events, where there is little accumulated variation, one way to check that the sequence being amplified is not from the nucleus would be to use purified mtDNA. However, there are still circumstances where this would not be a definitive test. For example, if there were a rearrangement in the mitochondrial genome, then the primers might not be able to amplify a mitochondrial copy and might instead amplify a nuclear copy from the very small amount of nuclear material in the purified mitochondrial extract. A requirement to work from purified mtDNA would negate the tremendous advantage of being able to obtain sequence from preserved material other than frozen tissues. Investigators will have to weigh these concerns for each particular project.
An even more difficult problem could arise if the aberrant copy is located in the mitochondrial genome as either a duplication (on the same genome) or in the heteroplasmic state (two different genomes in the same individual). In such cases the events will often be recent and only detectable by detailed analysis of the mitochondrial genome organization.
